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ANNEALED AMORPHOUS TAPES FOR HIGH FREQUENCY AEROSPACE MAGNETICS
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ABSTRACT

Gene E. Schwarze
NASA Glenn Research Center
Cleveland, Ohio 44135

given perturbation of thefficiency of the {" processor
from thestart of the chainife., lete; =¢; +9,) induces a

100 kHz core loss properties of sample transversgaduction

magnetically annealed, cobalt-based amorphous and iron-
based nanocrystalline tape wound magnetic cores aggp =AP

presented over the temperature rangel&0 C to 150 C,
at selected values of B,. For B-fields not close to

saturation, theore loss iiot sensitive to temperature in
this range and is dew asseen in thébestMnZn power
ferrites at their optimum temperature&requency
resolved characteristicare givenover the range of 50
kHz to 1 MHz, but at B,=0.1 T and 50 Gnly. For

example, the 10@Hz specific core lossanged from 50
mW/cn? to 70 mW/cmi for the 3 materials, when
measured at 0.1 Tand 50 C. Thisvery low high
frequency core loss, togetheisith nearzero saturation
magnetostrictionand insensitivity to roughhandling,

_ _(Poaa) (0i/¢))
( & )1+(6i/ai)

in the totallosses, oinput power.The result is thsame
for any i as long athe fractional changed( ¢ is the
same. The overa#fficiency € will often be considerably

less than unity, in effect amplifying the fractional
increase §;, ¢ )

(1)

loss in

And this consideration is further constrained by a
consensushat ‘progress’ requires botlystemmass and
individual building block,i.e. converter, mass to be
minimized. A percentfficiency gain is significant and
valuable in advanced power conditioners, whereas a

makes these amorphous ribbons strong candidates f@pvice that adds mass to achiéivis is hard tesell. Thus
power magnetics applications in wide temperaturdn the context ofaerospace applications, a magnetic

aerospace environments

INTRODUCTION

In most power converteand invertercircuits that utilize

magnetic components, the inductargdtransformers are
a major contributor to masand bulk. With internal

operating frequencies of such aerospag@wer

conditioners now being about0O0 to 500 kHz, the
magnetics losses neverthelesemain an order of
magnitude below the total losses inthe solid state
switchesand diodes. Atthis level, the magneticdosses
detract lessthan 1% from an overall conversion
efficiency that can reach 95%.

The concern to minimizsses at evethe lowest levels
arises from the multiplicativecomposition of the
efficiencies of power processing blockkained in series
and delivering a specified load power,fg Thus the
overall efficiency of achain is e=(g,[2,0L1.[d,) and

generates a power loss af {-1 R), . Theloss power
usually amounts to washkeat thatadds to the size of the
heat rejection apparatus in aerospace applications.

The input power Fi;(: Bad/a) is invariant under a
permutation of the order of therocessors ithe chain. A
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material that can maintain lawer core loss over the
applicable temperatureange canprovide a basis for
nosing out the competition.

Amorphous ribbons of certain metalleloys, usually
based on Coand/or Fe, arewell known to exhibit
extremely low core loss [1, 2], that is as lowtlaat of the
best ferrites inthe above frequencyange andnowhere
near as temperatursensitive. Moreover,their B-H
characteristics can be controllém highly square to
linear by magnetic anneal and, sSome cases, hyartial
recrystallization. Instability of magnetically interactive
defects inthe amorphous structure contributes tovbsy

low coercivity [1]. Near zero AS<O.1X106) saturation
magnetostriction can be obtained in ti&o-based
ribbons. And these amorphous materials have a plastic
yield strength 5 to 10 timethat of say the competing
crystalline Ni-Fe magnetic materials (Permalloys,
50%Ni-Fe), making the magnetic properties of the
amorphous tapes insensitive to rougéndling. It has
been recognized now for over a decati@t these
amorphous ribbons or tapes represent an advanced
technologypermitting new solutions forhigh frequency
aerospace magnetics.

This work presentsthe core loss properties of a few
sample amorphous and partially recrystallized



(‘nanocrystalline’) tape wound cores. Most the data MEASUREMENT TECHNIQUE

wastaken at 10kkHz (sinusoidal) ovethe temperature

range of-150 C to+150 C, at selected pedkfields Bare cores were placed thin walled aluminum cases
(Bpeaks OF B,). Specific core losslata is also presented thatwere closed on top by dansulating washerCursory
checks showethat theeddycurrentlosses in theseases

. ) . were negligibleunder the measurement conditions. This
C. Although not exhaustive, this dagrovides an 4rangement permits theres to be tested overvide
overview s_ufﬂuent for first cut design _deC|§|ons. _It is alsotemperature range withouadverse effectsfrom an
spans a wider temperaturgnge than iswailable in the  ancapsulant. Thiew value of | ensureshat huildup of

literature. . . .
erature magnetostrictive resonances is not a concern in these
undamped cores.

as a function of frequency, but only for, 0.1 T at 50

SAMPLE CORES Data consisting ofvaveforms othe current in a primary

. . . exciting winding andinduced voltage in a secondary
Unpackaged cores, listed in Table I, were obtained from — 2 .
vacuumschmelize GmbH. Thegre representative of sense windingvere recorded by digitizing oscilloscope.

commercially available. competti esand are not The current sensawas a Pearson model 28¢drrent
. y e petitiviyp .. ._transformer and thescilloscope was dektronix model
intended to be apecific endorsement. These cores fit in

a nominal size groupspecified by height=0.25", TDS 540." The secondary voltage was —sensed

ID=1.00" and OD=1.25", although their actual differentially, simply bychannel subtraction. The driving

. . . . . amplifier was apush-pull arrangement divo Apex

dimensions deviated slightly. Stated tape thickness forl;1 | . . . .
19Ahigh t lifiers. At t

the 6025Fand 500F materialsas about 2um (0.91  model 19Ahigh power operationadmplifiers. At times &

) ) ) parallel tuning capacitor was used to relitve amplifier
mil) and about 17im (0.67 mil) for the 6030F material.  fom handling reactive current. With 3well matched

. . i oscilloscope probes, in most cadéss setup provided
_The 6.025F s aCo-based, relatlve_ly Iowsatura_t!on data accuracy better than 5% to at least 1 Mhitlosses
induction (B), very low coreloss, high permeability, ¢ e order of part in 100 ofvolt-ampere produatould
transverse magnetically anneatgge, intended forfast 5 resolved. Depending dhe frequencyand B, either
pulse transformersand common mode chokes. The 5 y,in or 10-turn windingswere used.This type of
6030F is also a Co-basethw core loss,transverse ossurement setupas been reported in a NASAoft
magnetically annealed material, but with lawer  55n6tic materials evaluation program [5]wesdl as in
permeability, a lower temperature sensitivity, betterypjished literature [6]. Aew variationwasthe use of a
linearity and a higher B The 6030F is intended for gaeq signal burst, either in a single shot oepetitive
power and pulse transformersthat require a low averaging mode, to decreaske duty cycle. Core
remanent induction. The 500F isl@aw core loss, Fe- temperature theoould beheld accurately constant while
basedmaterial ofunspecified compositiomnd anneal. measuring very high core losses.
Most likely it is an Fe-Si-B based, partially recrystallized
metallic glass having avery fine grain structure of
nanometer sizebcc Fecrystals throughouhe bulk,that CORE LOSS CHARACTERISTICS
hasbeen subjected to @mansverse magnetic anneal. Its
CompOSitionthUS may besimilar to that of theHitachi Temperature resolved Specific core losga at 100 kHz
Metals, Ltd. Finemet alloy (FessCuiNDbsSiasBe) [3],  is presented in Figure 1 fdhe 3 materialsdiscussed

where the simultaneous presence of botha@d Nb is  apove. Atthe selected values of B thecurves naturally
known to enhance thsoft magnetic properties of this

optimally annealed, partially recrystallized amorphous
Fe-Si-B based alloy. Alsahe possibility ofextrasurface
recrystallization to induce a compressive stress magnet
anisotropy in the bulk, perpendicular to theface of the
ribbon, exists [4]. According to the manufacturer, the
500F is ahigh permeability, flatB-H loop material, S00F.

having extra thermabktability and intendedfor high

frequency inductor, transformer anccommon mode Several observationare apparenfrom this data. First,
choke applications. Thk, is specified to be legkan 0.2 the core loss igather constant with temperatuoger a

ppm for the 6025Fand 6030F materialsand lessthan ~ SPan of 30Qdegrees C, at least dte lower B,. This is
0.5 ppm for the 500F.

fall into triplet groups. Atlow temperatures, thiowest
curve in each group is fdhe 6025F material, the next
higherbeing forthe 6030Fand the highedbeing for the
gOOF. Magnetic saturation eliminates the 6025F from the
B,=0.7, 1.0 T groupsind the 1.0 Tgroup hasonly the
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similar to the properties dbw loss Ni-Fecrystalline Using least squares fits to theata, the following
materials, such as Supermalloy. estimates op, were obtained:

As the temperature increases, tioge loss of anaterial ~ 6025F: P, =2-44B,23'22f176
can start to increase disproportionatétyesumablythis 3 208 . 186
is due to the onset of magnetic saturataond isvery  6030F: p,=132B;™" f

prominent in Figure Ifor the 6025F, which has the 3 909 . 181
lowestCurie temperature Tas well aghe lowest B. As ~ 500F: P =187Bf"™.

B, is increased, theffect becomeprominent also for

the 6030F, which has the next highgrahd B,. Thus,
as concerns losses, temperateffectscan significantly
influence, or even reordethe relativeranking ofthese
materials at a given B

Here P, is in mW/cnd, if B is in T and f inkHz. These
estimates become poor for, Bpproaching saturation.

SUMMARY AND CONCLUSIONS

A word about tolerable core loss is appropriaggze. In
previous NASA reports, asteady specific core loss
exceeding about.7 W/cm® in metallic tape woundores

100 kHz core loss data was obtained dhertemperature
range of-150 C to 150 C fotwo amorphousand one

hasb idereiin tical. f the standooint of partially recrystallized corenaterials. All of theselected
asbeen considereanpractical, from the sStandpoint ot e ja1s havdow magnetostriction (~ 0.2xIf) and a
heat removal. A number of points presented in the dal

i : . tﬁ‘at magnetization characteristic induced by transverse
aboveare far inexcess othis value, havingbeentaken J 4

. i magnetic annealing. Each of thesas picked to be
by a IO.W duty_ cyclesignal _burst method_. Sudhigh loss representative of a class of commercial products:
operating points would likely be applicable to pulse
power only. Moreoverlong term operation of &025F
core at 150 Gvould likely causemagnetic degradation,
becausemagnetic anneals arasually performed at a
temperature near, T

1. A relatively low saturation (~ 0.5 T)cobalt based,
amorphous tape, havingery low lossesand a low
frequency permeability dhe order of 18 (Such adype
6025F).

Finally, the 100kHz core loss of these amorphous andy A higher saturation (~ 0.8 T), cobalt based, amorphous

partially amorphous materials is indeeldw. For 356 having low losses, a relatively low, but perhaps more
comparison to a lowest loss crystallimaterial, the 100 g5l permeability (~ 3x¥p and a higherCurie

kHz specific core loss of 1jdm (0.67 mil) Supermalloy temperature. (Such as type 6030F).

tape at 0.1 T is estimated to be 135 mWcihe only

competition comes froncertain low loss MnZn type 3. A more recently developeidpn based, nanocrystalline
ferrites, which can haveomparably low losses: about 50 tape, featuringsome of the desirablesoft magnetic

mW/cnT at 100 kHzand 0.1 T.However,the losses in  properties of theobalt based, amorphous tapes, but at a
ferrites arevery temperature dependerdnd the 50 |gwer cost. (Such as type 500F).

mWi/cn? value only holds over aarrow temperature

range. As expected fronthe manufacturer’s literature, there
loss of thesenaterialswas indeedvery low. At 100 kHz
Due to projectimitations, afrequencyscan of thecore 54 0.1 T, thespecific core loss was about 50 mWigm
loss was performed only at S0@hd a B of 0.10 T.  apq relatively constant from-150 C to 150 C, for the
Such data is ofcourse valuable for broad band amorphous 6025F material. This is gmod asthe best
transformer applicationand especially to evaluate the MnZn power ferrites can do at their optimum
figures of merit of the materidbr resonant andilter ~ temperatures. Under these conditions, the highest specific
inductor applications. Figure ghowsthe dataobtained core loss seen was about 70 mWicnfor the
for the 3 materials to be the rouglsiiyaight linesusually  nanocrystalline 500F material. As long as operation was
seen for such log-log plots. Estimates of thepecific at low B-fields, the specific core loss wagather
core loss ;) curves for other values of Bcan be made insensitive to temperature in tdoverange,for all 3
by a parallel shift of theurves in Figure 2, based on the Materials. At higher g, above say0.2 T, the
data versus Bat 100 kHz (Figure 1). significant increase irspecific core loss seeabove a
certain temperaturemay be attributed to onset of
magnetic saturation, as tleéfectappeared to be ordered
according to the Curie temperatures of these materials.

NASA/TM---1999-209297 3



A frequency scan of thespecific core loss of these 3.Y. Yoshizawaand K. Yamauchi,“Fe-Based Soft

materials showedthe characteristics to be thesually
seen, more or lesstraight lines on dog-log scale.This
was done from 50 kHz to about 1 MHz, but only&t T

and 50 C. Theore loss frequency slope was somewhat

less than for an f* dependence fomll 3 of these
materials, with the 6030F being the closest?o f

All three types of materials characterized here are

suitable forvery low loss, flux ratcheting resistarfjgh

frequency power transformers, but they are not suitable Gk

make uphigh Q, or high curreninductors, unless cut
and gapped to lowertheir permeability. A parallel
inductor-resistor circuit is used in referencetfyrinodel

the linear magnetizationpropertiesof the above

materials and tcexplore their applicationgo inductive

elements.
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Table I. Physical Properties of the Core Materials Characterized.

Type Composition B(T) | T.(C) | w(C) | p(uQm) | &(glcnt) As (10°)
6025F | (CoFeMaok(SiB)y7 0.55 210 540 1.35 7.70 <0.2
6030F | (CoFeMnMg)(SiB),s | 0.80 350 480 1.30 7.75 <0.2
500F @) 1.2 600 1.15 7.35 <0.5
Bs - saturation magnetic induction
Tc - Curie temperature

Tx - recrystallization temperature
p - electrical resistivity

0 - density

As - saturation magnetostriction
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